Introduction
Ischemic heart disease (IHD) is one of the major causes of death worldwide [1] . Patients with IHD have an increased risk for the development of acute coronary syndrome (ACS). ACS describes patients who present with (1) unstable angina, (2) near or complete occlusion of their coronary artery, or (3) myocardial infarction. The underlying pathologic mechanism of most ACS is atherosclerotic plaque rupture [1] [2] [3] [4] [5] , which may be partly caused by inflammation within the plaque [2, 3] . Specifically, inflammatory cells including macrophages and T cells release factors that destabilize the fibrous cap covering the plaque, releasing its contents into the arterial lumen [2] . When plaques rupture, their components block blood supply to the heart, resulting in acute myocardial injury. Innate and adaptive immune cells then migrate into the injured myocardium to initiate repair. Although inflammation is necessary for wound healing after injury, a deregulated immune response can lead to further insult. In fact, an excessive immune response has been associated with adverse remodeling [6] , a maladaptive process that results in progressive left ventricular (LV) dilatation to compensate for LV dysfunction and leads to the development of heart failure [7] . Molecular imaging provides a sensitive and informative means to identify, study, and diagnose the biological nature of atherosclerosis and monitor its evolution [7] [8] [9] . Because molecular imaging can directly visualize immune cells, it may be particularly effective at determining how inflammation contributes to the development of IHD. Today, clinical imaging strategies (e.g., X-ray coronary angiography, multislice computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound) focus on identifying obstructive plaques that may subsequently lead to myocardial infarction and heart failure. None of these modalities, however, gives a direct non-invasive readout of inflammation, an important component of the vulnerable plaque [4] . In light of the recent trial published in the New England Journal of Medicine, which showed reduction in major adverse cardiac events in patients treated with the anti-inflammatory agent canakinumab [10] , there exists a critical need to explore whether molecular imaging techniques can help identify high-risk patients and improve their outcomes. Without these strategies, these patients may otherwise go undetected using conventional methods and may not derive benefit from antiinflammatory therapies.
In this review, we will summarize recent strategies to image inflammation in the atherosclerotic plaque and the ischemic myocardium at the molecular level and discuss recent studies evaluating the feasibility of applying these techniques clinically.
Targeting Immune Cells Using Radioactive Isotopes and Nanoparticles
A common technique applied to imaging inflammation in IHD is targeting the up-regulation and trafficking of cells in the immune system. In the past, this has been achieved with labeling immune cells with radioactive isotopes for single photon emission computed tomography (SPECT) (e.g., 99m Tc and 124 I) and positron emission tomography (PET) imaging (e.g., 18 F and 64 Cu). More recently, nanomaterials have been used for visualization of immune cells. The main advantage of nanomaterials over radiotracers is that they enable the attachment of imaging specific probes, targeting ligands, and therapeutic payloads in a single vector. Regulatory hurdles for the use of nanoparticles in humans remain a critical disadvantage.
Probably, the most common nanomaterials for imaging immune cells are fluorescence-based and enable imaging with various modalities including microscopy, flow cytometry, endoscopy, optical tomography, and intraoperative imaging. Fluorescent-based nanomaterials with high affinity to immune cells are either (1) fluorochromelabeled dextran particles, polyethylene glycol (PEG), silica nanoparticles, and other scaffolds or (2) quantum dots or up-converting nanoparticles (e.g., up-conversion occurs when two or more incident photons with low energy are absorbed and converted into a higher energy photon). Fluorescence-based nanomaterials are the cornerstone of molecular imaging and have been used to validate the accuracy of other imaging agents. However, they remain limited in their clinical utility by the poor depth of penetration of fluorescence signals.
Although commonly used in fluorescence imaging, nanobased agents for MRI and PET have recently been described [11] . MRI visualization of inflammation requires accumulation of nanomaterials within immune cells. This results in shortening of T2 and T2* times of surrounding tissue causing a signal reduction (e.g., negative contrast) on MR images. Because areas of negative contrast appear as darkened areas, this signal is difficult to distinguish from internal bleeding, airtissue boundaries, areas of high blood flow, and other susceptibility artifacts. As a result, there may be inaccurate identification and localization of inflammation using this technique. These limitations have led to the development of a number of positive contrast agents including extremely small supramagnetic iron oxide particles with a zwitterion coating that have high T1 contrast [12] , non-specific and specific targeted gadolinium positive contrast agents [13, 14] , and manganese contrast agents [15] .
Nanomaterial-based PET agents have increasingly been used in recent years. PET enables the quantification of radiolabeled nanomaterials in organs and tissues. Most nanomaterials used for PET imaging include modified dextrans, graft-copolymers, and other scaffolds. In addition to 18 F and 64 Cu, other common labeling radioisotopes include 89 Zr, 124 I, and 68 Ga. The choice of the radiolabeling agent depends on the circulating time of the nanomaterial, with those with a long circulating time requiring positron emitters with a long half-life.
For reasons discussed below, monocytes/macrophages and lymphocytes are the most common targets for these probes. Thus, while other immune subsets may also play an important pathological role, this review will focus on how molecular imaging has interrogated the contribution of monocytes/ macrophages and lymphocytes to the development and progression of IHD.
Pre-Clinical Imaging of Macrophages and Monocytes in IHD
Macrophages are tissue resident components of the innate and adaptive immune system. Monocytes are circulating cells in the blood stream that can differentiate into macrophages when they enter tissue. Both macrophages and monocytes perform various functions in host defense including antigen presentation and endocytosis (e.g., phagocytosis or pinocytosis). Because these cells can engulf foreign material via endocytosis, they can take up radiolabels or nanomaterials, enabling their in vivo visualization. These probes are taken up by both macrophages and monocytes in healthy and diseased tissues. The densities of these cells, however, are higher in diseased and inflamed tissue, which facilitates the interrogation of the relationship between inflammation and IHD with molecular imaging.
Although it remains unclear whether probe uptake occurs directly in tissue macrophages or, initially in circulating monocytes that then travel to the diseased tissue, previous studies support the latter scenario with respect to the infarcted myocardium. [16] Leuschner et al. [16] , for example, studied the tissue kinetics and clearance of monocytes and macrophages in a murine model of IHD. In this study, they transplanted an infarcted heart from a mouse with an allelic variant of CD45, a surface marker of blood cells, to a mouse with a different allelic variant of CD45. Using flow cytometric analysis of digested infarcted tissue, the authors followed the dynamic changes in the monocyte population at the site of the infarct at different time-points. The authors found an extremely short residence time for macrophages and sustained need for new macrophages replenished by splenic monocytopoeisis, suggesting that probes are taken by monocytes that differentiate into macrophages after they enter the tissue. Consistent with these findings, Montet-Abou, et al. [17] found that monocytes labeled with fluorescent iron particles migrated into the infarcted myocardium in a rat injury model on serial MRI and optical imaging.
Whether molecular imaging can distinguish between activated macrophages (e.g., those responding to cytokines released from other inflammatory cells and the tissue microenvironment) vs. resting macrophages (e.g., those that function in absence of inflammation) remains under investigation. Activated rather than resting macrophages drive the chronic inflammatory response seen in IHD. These cells release cytokines, chemokines, digestive enzymes, prostaglandins, and reactive oxygen species that contribute to atherosclerotic plaque progression and instability as well as adverse LV remodeling. Although activated macrophages can be further divided into the pathological M1 vs. the reparative M2 phenotype based on stimuli in the microenvironment, intermediate phenotypes have been described in vivo [18] . Both M1 and M2 subtypes have been efficiently labeled in vivo. In order for molecular imaging to distinguish between these different physiological states, however, it will be important to identify specific surface cell markers that can be targeted by imaging probes. For example, it was found that classically activated macrophages express a receptor for folic acid (e.g., folate receptor-β), which is absent on resting macrophages [19] . As a result, imaging agents targeting folate receptor-β agents have been developed. In previous studies, these agents have successfully imaged activated macrophages accumulating in atherosclerotic plaques of mice that were fed a high fat diet using gamma scintigraphy [20] and in carotid plaques explanted from patients undergoing carotid endarterectomy using fluorescence imaging [21] . More recently, in a pilot study, Jager, et al. [22] found that 99m Tc-EC20, which targets folate receptor-β, could potentially differentiate between M1 and M2 subtypes. Specifically, Tc-EC20 preferentially labeled macrophages expressing both folate receptor-β and Cd163, which are M2 macrophage surface markers (Fig. 1) . Because M2 subtypes release more digestive proteins that can contribute to plaque vulnerability, the authors suggest that 99m Tc-EC20 can potentially identify vulnerable plaque. Its potential clinical utility, however, requires further investigation.
Pre-clinical Imaging of Lymphocytes in IHD
Although monocytes/macrophages have received the majority of focus in previous studies, increasing evidence suggests that the adaptive immune system enhances and regulates inflammation in IHD. Both T and B cells have been found in the atherosclerotic plaque, with the former representing the second largest leukocyte population in the plaque after macrophages. The specific antigen(s) that activate the adaptive immune response in IHD, however, have not been identified although most studies have suggested that oxidized lowdensity lipoprotein may be one of the likely culprits [23] .
Unlike monocytes/macrophages, lymphocytes have limited uptake of probes via endocytosis. To enable lymphocyte imaging, lymphocytes can be directly labeled ex vivo [24] or genetically modified to express a reporter gene ex vivo [25] . Although metabolic probes such as 18 F-FDG and 18 F-FLT can be used for in vivo imaging [26] , they are not specific for lymphocytes and target any proliferating cell. Improved imaging specificity can be achieved by using radiolabeled monoclonal antibodies that bind lymphocyte specific markers such as CD25, CD2, CD5, CD3 [27] , and the T cell receptor [28] . Further characterization of T cell subsets using anti-CD4 and anti-CD8 conjugated to PET isotopes (e.g., 64 Cu and exotic radionuclides like 89 Zr) was recently achieved by Tavaré et al. [29, 30] , who successfully demonstrated the visualization of CD4 and CD8 T cells in the spleen and lymph nodes of wild type mice. Although monoclonal antibodies have been used for imaging lymphocytes post hematopoietic transplant (e.g., 89 Zr conjugated to anti-CD8 and anti-CD4) [30] , acute airway delayed sensitivity (e.g., Cu 64 conjugated to anti-T cell receptor) [31] , and tumors in mice (e.g., 89 Zr conjugated to the T cell receptor) [28] , it has yet to be applied in evaluating IHD. Identification of unique surface markers will be needed to further refine imaging for T cell subsets (e.g., memory T cells, regulator T cells) in IHD.
To achieve good target-to-background ratio, however, images generated by targeting lymphocytes with monoclonal antibodies must be delayed for 6-24 h, which may negatively impact the throughput of this strategy if applied clinically. The technique, however, has minimal side effects. Of note, the only significant side effect after administration of monoclonal antibodies is the induction [22] of human murine antibodies, which is a host response to foreign antigens that can affect the probe's bio-distribution, image quality, and interpretation findings clinically if the probe is administered repeatedly.
Inflammation Imaging in Patients with Atherosclerosis
Evaluation of inflammation in IHD is not routinely performed in the clinical setting and remains under investigation. Over the last 5 years, there appears to be more clinical studies evaluating inflammation in the atherosclerotic plaque found outside the coronary arterial bed than in the ischemic myocardium (Table 1 ). In the past, the majority of clinical studies have focused on the use of 18 F-FDG although it remains a nonspecific marker of inflammation. Given the limitations of 18 F-FDG as outlined below, more recent clinical imaging studies have primarily targeted specific surface markers primarily on macrophages. Below is a selected discussion of recent clinical imaging studies evaluating inflammation in the atherosclerotic plaque and ischemic myocardium. [41, 42] , the utility of this approach has been successfully demonstrated in imaging plaque in vivo in the carotid, vertebral, iliac, femoral, and coronary arteries in symptomatic patients. Importantly, higher levels of FDG uptake on baseline scans had poorer outcomes, including a higher incidence of recurrent stroke, death, and revascularization. While results from these early studies are promising, more conclusive evidence of the utility of FDG is needed and may soon come from the BioImaging study [43] , a prospective study that enrolled 6104 patients at risk for coronary artery disease. These patients will undergo imaging studies including vascular ultrasound, MRI, CT, and FDG PET/CT and are then followed for 3 years for clinical events. Despite its reported utility, however, the major limitation of FDG remains its non-specific uptake by any cell with high metabolic activity, resulting in high myocardial background activity, inability to distinguish inflammatory subtypes (e.g., macrophages vs. T cells), and uptake in other metabolically active cells (e.g., endothelial cells). In addition, FDG uptake can be influenced by mechanisms other than inflammation such as hypoxia [44] , increasing the likelihood of false positives. Finally, avid uptake of FDG by distressed myocytes reliant on glycolysis remains a critical limitation of FDG imaging of coronary atherosclerosis despite reports that background myocyte signal can be somewhat attenuated by the ingestion of meals low in carbohydrates the day before the scan [5] .
Alternative radiotracers under investigation that have higher specificity than FDG include tracers that specifically target surface markers. While clinical studies targeting lymphocyte specific markers are non-existent to date, a number of studies have investigated the utility of imaging surface markers on macrophages as a strategy to increase imaging specificity. 18 F-fluoroethyl]-5-methoxy 2,3,4,9-tetrahydro-1H-carbamazole-4-carboxamide), for example, target translocator proteins (TSPOs) expressed on activated macrophages. In a preliminary study, a higher uptake of 11 C-PK11195 was found in symptomatic versus asymptomatic plaques extracted from patients undergoing carotid endarterectomy. The signal co-localized with activated macrophages detected on autoradiography and CD68 staining of ex vivo histology [45] . The utility of this tracer for imaging vessel inflammation, however, is limited by its widespread uptake in the healthy vessel wall. 18 F-GE-180 is a newer generation of TSPO tracer that offers a longer half-life and higher binding capacity due to the use of 18 F as its positron emitter and replacement of PK11195 with GE-180 as a ligand, respectively. Although 18 F-GE-180 imaging has resulted in improved signal-to-noise ratio and lower non-specific binding in animal models of cerebral infarction, it has yet been applied to image inflammation associated with IHD [46] . The use of both 11 C-PK11195 and 18 F-GE-180 for imaging inflammation, however, may be limited by the presence of genetic polymorphisms that affect the binding capacity of these agents in some individuals [47] as well as high myocardial uptake, making coronary plaque imaging challenging.
Other surface receptors on macrophages have been utilized for imaging atherosclerosis including folate receptor-β (as discussed previously) [22] , lectin-like oxidized LDL receptor (LOX)-1 [48] , mannose receptor [49] , and somatostatin (SST) receptors. Of these, only the radiotracer DOTATATE ([1,4,7,10-tetraazacyclododecane-N, N′, N″, N″′-tetraacetic acid]-d-Phe1,Tyr3-octreotate), which targets SST receptors, has been evaluated in humans in vivo. In a preliminary study of 44 asymptomatic patients [33] , 68 Ga-DOTATATE uptake was higher in fibrotic plaques compared to normal coronary arteries. Importantly, a recent study compared detection of atherosclerotic inflammation by 68 Ga-DOTATATE with 18 F-FDG PET imaging in 42 patients, 18 patients with stable cardiovascular disease (e.g., stable angina or asymptomatic atherosclerosis) and 24 patients with unstable cardiovascular disease (e.g., ACS or TIA/stroke, with a subset of eight undergoing carotid endarterectomy) [36] . The study confirmed that 68 Ga-DOTATATE binds to macrophages in excised carotid specimens based on gene expression analysis and correctly identifies culprit vs. non-culprit lesions in patients with unstable disease. 68 Ga-DOTATATE uptake also correlated with high risk plaque features determined by CT. Coronary 68 Ga-DOTATATE was interpretable in all patients unlike 18 F-FDG PET, which could not be interpreted in 27 (64%) patients due to high myocardial background signal. These findings are in direct contrast to the negative study reported by Wan et al. [37] showing that 68 Ga-DOTATATE activity did not differ between symptomatic and contralateral plaques from patients who suffered transient ischemic attacks and were scheduled for carotid endarterectomy. The authors suggest that the lack of difference may be due to the imaging characteristics of 68 Ga-DOTATATE, which may be less sensitive to subtle differences in uptake than other tracers like 64 Cu-DOTATATE [34] . Supporting this hypothesis, a headto-head comparison of these two tracers in 60 patients showed that uptake of 64 Cu-DOTATATE but not 68 Ga-DOTATATE in large arterial segments was more readily identified and correlated with cardiac risk factors including body mass index, smoking, diabetes, and coronary artery calcium score (Fig. 2) [35] . While these results are promising, large human trials with histological validation are needed to further validate the use of these tracers to image plaque inflammation.
Plaque visualization can also be accomplished using nanoparticles that rely on the phagocytic abilities of macrophages to take up imaging agents. Although uptake is non-specific, nanoparticles have specialized optical, magnetic, and chemical properties that provide better contrast enhancement, increased sensitivity, improved bio-distribution, and higher spatial and temporal resolution. In MRI, for example, studies have found that injected superparamagnetic iron oxide nanoparticles (SPIONs) engulfed by macrophages at the site of inflammation are more prominent in rupture prone compared to stable plaques [50] , the quantity of SPION particles in plaques decreased with atorvastatin treatment [51] , and the amount of SPION uptake remained unchanged over time in stable, asymptomatic plaques [32] . Taken together, these findings suggest that SPIONs may be used to identify vulnerable plaques, monitor disease progression over time, and assess therapeutic response. Larger, multi-center trials combined with histological validation and outcome correlation are needed before widespread clinical application of SPIONs for the management of atherosclerosis can be recommended. Of note, the FDA recently approved a first-in-human trial of a nanoparticle PET radiotracer targeting natriuretic peptide receptor C (NPR-C), which is differentially expressed in endothelial cells, smooth muscle cells and macrophages within the plaque of APOE −/− deficient mice [52] . In this trial, patients scheduled for carotid endarterectomy and enrolled in this single center, open label imaging study will undergo Cu [64] -25%-CANF-Comb PET-MR imaging of both carotid arteries to determine the feasibility of this tracer to assess disease severity. The presence of NPR-C will be confirmed by RT-PCR of excised carotid endarterectomy specimens.
Clinical Imaging Studies of Inflammation in the Ischemic Myocardium
The techniques described above have also been applied for imaging inflammation in the myocardium after ischemic injury. Within 30 min of acute myocardial injury, neutrophils and pro-inflammatory monocytes infiltrate the damaged tissue [53] . Four days post-infarction, a less inflammatory phase develops which is characterized by recruitment of Ly6C low macrophages whose appearance is regulated by T and B lymphocytes [54] [55] [56] . If there is an overzealous influx of proinflammatory cells or delay in the transition to the less inflammatory phase, infarct healing is compromised and heart failure develops [56, 57] . Taken together, these findings suggest that imaging of immune subsets in the ischemic myocardium can improve risk stratification and identify potential immune modulating therapies to halt the development of heart failure. While 18 F-FDG may be feasible to image inflammation in mice after ischemic injury [58] , it remains challenging in humans. Unlike mice, inflamed ischemic tissue in humans is often interspersed with normal surviving myocytes, creating a heterogeneous distribution that can confound clinical interpretation. To explore whether 18 F-FDG uptake can be used clinically post MI, Rischpler et al. [39] prospectively evaluated 49 patients with STEMI using 18 F-FDG PET/MRI 5 days after PCI with a follow-up cardiac MRI after 6-9 months. The mean standardized uptake value (SUV mean) of 18 F-FDG was detected in transmural scars and was associated with LV dysfunction independent of infarct size measured by late gadolinium enhancement. Unlike the extent of delayed enhancement and SUV mean of 18 F-FDG, the extent of 18 F-FDG uptake did not correlate significantly with outcome. This likely occurred because the detected signal not only represents inflammatory cells, but also indicates the presence of compromised but viable myocytes. These findings highlight the need for imaging strategies specifically targeting inflammation.
In addition to 18 F-FDG PET imaging, a handful of studies have targeted macrophages for visualizing inflammation in the ischemic myocardium. The feasibility of ferumoxytol-enhanced MRI was demonstrated in sequential exams of 16 patients after acute myocardial infarction [38] . Ultra small SPIONs were detected in the infarct and, to a lower extent, the remote area with increasing uptake at 48 h compared to baseline. Inflammation appears to peak at 2-3 days and dissipates by week 2, as suggested by a second study of 31 patients undergoing serial ferumoxytolenhanced MRI [40] . The presence of macrophages engulfing SPIONs in the infarct zone was confirmed by histology. Additional studies that include histological confirmation and outcome correlation (e.g., changes in LV function, development of heart failure, death) are needed to determine whether in vivo monitoring of inflammation and its modulation will be clinically valuable.
Conclusions
Despite recent studies suggesting that the immune system may play an important role in the progression of IHD, there have been limited therapies directed at modulating inflammation in patients suffering from acute coronary syndrome and ischemic heart failure. Molecular imaging may help address this gap by enabling the visualization of inflammatory cells in vivo and determining their contribution to disease development. While clinical studies using nonspecific and specific imaging agents have shown increased uptake of these agents in unstable plaques as well as in infarcted tissue, these studies have small sample sizes and often lack histological confirmation and correlation to long-term outcomes. Future studies are needed to address these shortcomings before inflammation imaging can play an important role in the management of IHD. 
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